are difficult to obtain. Furthermore, because less than 5% of primary CNS tumors in children occur in the spinal cord or cauda equina, outcome data following spinal cord tumor surgery are particularly limited. 11 The extent of resection for spinal cord ependymomas is an important prognostic factor affecting outcome. 3, 6, 8, 44 The role that other factors may play remains less well understood. For example, tumor location may determine the clinical presentation and may prompt early intervention, as compared with tumors arising in alternative locations. We recently reported that lesions in the upper spinal cord, defined as those in the cervicomedullary, cervical, and cervicothoracic cord, have a more favorable progressionfree survival (PFS) and overall survival compared with those in the lower spinal cord. 35 This finding was also confirmed in a series of adult spinal cord ependymomas. 34 Recent genetic and molecular analysis has shown that location can also predict the tumor's biological behavior, particularly when comparing intracranial and spinal ependymomas. 4, 6, 16, 26, 27 Histological grade has been described as an important prognostic factor in some studies, 21, 29, 36 but not others. 8, 15, 17, 28, 50 Not surprisingly, there are differences in survival associated with histological grade, with poor outcomes in patients who have anaplastic (WHO Grade III) lesions, while those with Grade I and Grade II ependymomas have a more favorable prognosis. 40 Direct comparisons of outcomes among Grade I (myxopapillary) and Grade II (classic) spinal cord ependymomas in children are limited, but a recent systematic review found that extent of resection was a more important predictor of PFS than histological grade. 40 To investigate the surgical outcomes of spinal cord ependymomas in children we performed a single-institution, retrospective review examining patient demographics, clinical presentation, management, and tumor control.
Methods

Data Abstraction
Patients with spinal cord ependymomas treated between 1992 and 2012 were identified through a search of a neuropathology database at the University of California, San Francisco. Pediatric patients were defined as those less than or equal to 21 years of age at diagnosis. Review of electronic and paper medical records was used to abstract data including age, sex, clinical presentation, symptom duration, tumor location, extent of resection, use of radiation therapy, surgical complications, presence of tumor recurrence, duration of follow-up, and residual symptoms. Ependymomas were classified on the basis of pathological review as myxopapillary (WHO Grade I), classic (WHO Grade II), or anaplastic (WHO Grade III). The extent of resection was determined by reviewing the results of the postoperative MR image. The absence of residual enhancing tumor was defined as gross-total resection (GTR); patients with residual disease were classified as subtotal resection (STR). All activities were performed with permission from the Committee on Human Research at the University of California, San Francisco, which serves as the institutional review board.
Results
Clinical Features
A total of 178 spinal cord ependymomas were identified at our institution between 1992 and 2012. This cohort consisted of 107 males (60%) and 71 females (40%), with the following histological distribution: 125 (70%) Grade II, 46 (26%) Grade I, and 7 (4%) anaplastic (Grade III) ependymomas. Among these patients, 24 spinal cord ependymomas (14%) occurred in children with a mean age of 15.1 ± 5.8 years (range 2-21 years). There were 9 females (38%) and 15 males (63%), with a histological distribution that included 14 Grade II ependymomas (58%), 8 Grade I ependymomas (33%), and 2 Grade III ependymomas (8%). In both anaplastic ependymomas, the primary tumor was in an intracranial location and subsequently was identified in the spinal cord at recurrence. The clinical data for Grade I and II patients are summarized in Tables  1 and 2. Among 14 patients with Grade II ependymomas the mean age at presentation was 16.0 years (range 2-21 years) compared with 14.5 years (range 10-16 years) for the 8 patients with Grade I ependymomas. The male to female ratio was 1.8:1 for Grade II ependymomas and 1:1 for Grade I ependymomas. Symptom duration was similar between groups with a mean of 8 months (range 1 week to 36 months) in patients with Grade II ependymomas and 6 months (range 1-18 months) for patients with Grade I ependymomas. In both groups, back pain was the most common presenting symptom, occurring in 9 of 14 Grade II and 6 of 8 Grade I patients. Five of 14 Grade II patients presented with weakness in an extremity and 3 presented with numbness (sensory loss). No Grade I patients presented with weakness, but a single patient experienced numbness in a lower extremity at diagnosis. Intraoperative motor and sensory evoked potentials were used in 7 cases but showed no association with extent of resection (p = 0.73) or tumor recurrence (p = 0.36).
Tumor Control for Classic Ependymomas
Among Grade II ependymomas included in our analysis, GTR was achieved in 7 patients ( Fig. 1 ), STR in 4 patients, STR followed by radiation therapy in 2 patients, and biopsy with radiation in 1 patient. The mean follow-up time was 63 months (range 1-260 months) with 3 recurrences identified at 45, 48, and 228 months. The first recurrence occurred in a boy who presented with a thoracic spinal cord ependymoma at age 2 and underwent radiotherapy without resection at that time. At age 21 the patient presented with a 2-month history of lower-extremity weakness, bowel and bladder incontinence, and paresthesias. Imaging studies demonstrated a recurrent tumor, and the patient underwent STR of the lesion and is doing well more than 20 years (260 months) after the initial diagnosis. The second recurrence occurred in a 20-year-old male who underwent STR with 54 Gy of fractionated radiotherapy for a large thoracolumbar ependymoma. At age 24 he presented with lower-extremity weakness and bowel and bladder incontinence. Imaging studies performed at that time demonstrated the presence of recurrent tumor, at which point he underwent a GTR.
395
The third recurrence occurred in a 21-year-old woman who underwent GTR of a tumor located within the conus that had myxopapillary features but was subsequently demonstrated to be a Grade II ependymoma. She developed worsening lower-extremity symptoms 48 months later and was found to have recurrent disease.
Tumor Control for Myxopapillary Ependymomas
Although classified as WHO Grade I lesions, pediatric Grade I ependymomas are considered more aggressive than their adult counterparts. However, in a recent systematic review we showed similar PFS among pediatric Grade I and II ependymomas, 40 and thus sought to analyze our institutional data for comparison. In the Grade I group, 6 patients underwent GTR (Fig. 2 ), while 1 patient who had an STR also received fractionated radiotherapy to a final dose of 54 Gy. The mean duration of follow up was 45 months (range 1-156 months). There was a single recurrence in a male who underwent GTR at age 16 and developed lower extremity pain 70 months later. An MRI performed at that time demonstrated a recurrent lesion in the lower spinal cord. The patient underwent GTR of the recurrent lesion with resolution of his lower-extremity pain. There were no new neurological deficits or major postoperative complications in this group, although 1 patient developed a pseudomeningocele that required surgical revision. All patients returned to their baseline state, or experienced resolution of their symptoms. Overall, there were no deaths in this study and the mean PFS for patients with Grade II and Grade I ependymomas was 58 months and 45 months, respectively.
Complications
Among patients with Grade II ependymomas, 2 developed worsening of their symptoms after surgery. The first was a 13-year-old boy who presented with 10 months of cervical neck pain. An MR image showed a complex intramedullary spinal cord lesion with solid and nodular cystic enhancing components. There were multiple foci of hemosiderin deposition within the mass, suggesting prior hemorrhage. He underwent T7-L3 laminectomies and GTR of this lesion, but after surgery was found to have decreased sensation and proprioception in his lower extremities and a neurogenic bowel and bladder. The patient was last seen 92 months after surgery and demonstrated full strength in both upper and lower extremities, but persistently decreased sensation and proprioception in his lower extremities along with a neurogenic bowel and bladder.
The second patient was a 21-year-old woman who presented with 3 months of neck pain and paresthesias in the upper extremity. She was found to have an expansile cystic lesion in the cervical cord that extended from the cervicomedullary junction to C-7. The lesion also contained a significant, solid enhancing component from C-1 to C-3. She underwent a C-1 laminectomy and C2-4 laminoplasty for GTR of this intramedullary classic ependymoma. Postoperatively she had normal strength in her upper and lower extremities, but decreased proprioception that limited her ability to ambulate without assistance. She is otherwise healthy without evidence of disease 22 months after surgery.
Discussion
Spinal cord ependymomas are more common in adults and thus outcome data in pediatric patients are limited. We present a retrospective single-institution series of pediatric spinal cord ependymomas treated over the past 20 years. Extent of resection is an important factor in tumor control and survival, particularly in Grade II ependymomas. 40 Among the 22 pediatric spinal cord ependymomas included in this study, 13 underwent GTR (7 of 14 Grade II and 6 of 8 Grade I ependymomas).
Myxopapillary ependymomas occurred exclusively in the conus/cauda equina or filum, but among Grade II ependymomas, half were located in the upper spinal cord (cervicomedullary to thoracic) and half in the lower spinal cord (thoracolumbar to conus/cauda equina or filum). There was a lower rate of GTR among Grade II ependymomas in the upper spinal cord (2 of 7) compared with the lower spinal cord (5 of 7), suggesting that GTR is more difficult in this location. Rates of GTR among Grade I and Grade II ependymomas of the lower spinal cord were similar, although this may be confounded by Grade I ependymomas of the filum, which are generally associated with higher rates of GTR. Overall, GTR provided good tumor control, with recurrences occurring in only 2 of 10 cases with long-term follow-up (1 Grade I and 1 Grade II ependymoma) at 70 and 48 months, respectively. In patients with long-term follow-up who had biopsy or STR, the tumors progressed in 2 of 5 cases (all Grade II ependymomas) at 45 and 228 months.
A secondary goal of this study was to compare our institutional outcomes of Grade I ependymomas in children to those reported in the literature. Although there is evidence that Grade I ependymomas are more aggressive in children compared with adults, 5, 38, 45 our institutional experience suggests that GTR can be achieved safely, in most patients (6 of 8 cases), and results in good tumor control without the need for adjuvant radiotherapy. A recent literature review on pediatric spinal cord myxopapillary ependymomas reported GTR in 60% of cases, but similar recurrence rates when comparing GTR (40%) to STR (43%) at an average follow-up of 77 months. 48 Furthermore, a recent review of our institutional data suggests that extent of resection is associated with improved tumor control among Grade II ependymomas, but not Grade I ependymomas. 49 The study also reported 7 deaths (8%), while we had no deaths due to surgery or disease among both Grade I and Grade II ependymomas.
The indications and utility of adjuvant therapies for Grade I ependymomas are also an area of ongoing study. Several studies have demonstrated improved 5-and 10year tumor control rates among Grade I ependymoma patients who received surgery as well as radiotherapy compared with surgery alone, even in cases of GTR. 1, 2, 38 Furthermore, patients receiving high-dose radiotherapy had prolonged PFS compared with those receiving standard doses. 38 Since Grade I ependymoma recurrences tend to be local, they can generally be treated by resection with or without radiotherapy. Radiotherapy may prove to be a useful adjunct and allow for less aggressive surgery with lower morbidity among patients with Grade I ependymomas. There are few studies evaluating the role of radiotherapy for spinal classic ependymomas in children, although some data suggest that GTR alone should be the treatment objective, even for recurrent tumors, because STR with radiotherapy appears to offer little advantage over GTR. 7, 20, 24 Some argue that radiotherapy should be reserved for anaplastic lesions or residual tumor after reoperation, particularly in children in whom it is unclear if the potential benefits of radiotherapy outweigh the risks on the developing nervous and osseous tissues.
Although our sample size precludes a more thorough statistical analysis, the results provide insight toward the prognostic value of tumor grade and extent of resection. The mean PFS for patients with Grade II and Grade I ependymomas was 58 and 45 months, respectively. In another report of pediatric patients with spinal cord ependymomas, we observed no significant difference in PFS across histological grade (Grades I, II, and III). 40 Patients who underwent GTR, however, had significantly longer PFS compared with those who underwent STR, regardless of tumor grade. 40 Similarly, our institutional data show a recurrence rate of 20% (2 of 10) among patients who underwent GTR compared with 40% (2 of 5) among patients who underwent STR or biopsy. Taken together, our institutional experience supports the notion that extent of resection is an important factor in predicting tumor control and may be more important that tumor histology, particularly when comparing myxopapillary to classic ependymomas. Because there were no deaths in our cohort we are unable to comment on survival with spinal cord ependymomas, but our systematic review suggests that age, extent of resection, and anaplastic histology are the most important factors associated with survival. 40 In a relatively large study of patients with spinal cord ependymoma with long-term follow-up, Gomez et al. reported 10-and 15-year tumor control rates of 50% and 46%, respectively, suggesting that treatment failure is relatively common. 14 The average time to recurrence in our cohort of Grade I and II ependymomas was 98 months, an observation that emphasizes the need for long-term follow-up. Collin's Law (the risk of recurrence is highest for a time equal to age at surgery plus 9 months) provides a useful guideline, but our practice over the past 20 years has generally been to obtain imaging every 6 months for the first 2-3 years, followed by clinical surveillance every 1-2 years or upon presentation of new or worsening symptoms. At recurrence, our practice has been to attempt GTR or STR with radiotherapy. In 2 Grade II patients with local recurrence and long-term follow-up, 1 received GTR alone and remains free of disease 30 months after the second surgery and 75 months from initial diagnosis. A second patient underwent STR with radiotherapy at recurrence and remains progression free 32 months after the second surgery and 260 months after initial diagnosis. It should be emphasized that because Grade II ependymomas are generally intramedullary and Grade I ependymomas occur almost exclusively in the conus or cauda equina, that direct comparisons of outcomes among patients with these lesions should be performed cautiously. We do note, however, that among patients treated at our institution with at least 1 year of follow-up, recurrence rates were nearly identical: 3 (30%) of 10 among Grade II ependymomas, and 1 (33%) of 3 among Grade I ependymomas.
Children are believed to have a higher chance of developing spinal deformity after surgery due to the horizontal orientation of their facet joints, increased ligament laxity, and immature skeletal system. 12, 32, 37, 41, 43 Spinal cord tumor resection is complicated by spinal deformity in approximately 10% of adults compared with 16%-100% of pediatric patients among several series. 9, 13, 37, 39, 51 Some have suggested that postlaminectomy deformity can be minimized by use of laminoplasty, but there is little convincing data to support this practice. 9, 25, 30, 33, 46, 51 Our small sample size prevented a detailed analysis, but of the patients included in this study, 70% underwent laminectomy compared with 30% who had laminoplasty. The 1 patient who developed postoperative deformity underwent T3-L3 laminotomies. In general, the surgical approach should balance the need for maximal safe resection with preservation of spinal stability.
Intraoperative neuromonitoring is increasingly used in spine surgery, particularly for intramedullary spinal cord tumors. We were unable to detect a difference in extent of resection or tumor recurrence rates among patients treated with intraoperative neuromonitoring compared with those without. In a prospective series of intramedullary spinal cord tumors, Morota et al. 31 found that motor evoked potential monitoring was associated with good outcomes in adults, but not children, while other authors have commented on the extent to which intraoperative neuromonitoring changes drive intraoperative decision making. 22, 23, 47 Although some data have demonstrated the utility of intraoperative neuromonitoring, it should be considered as an adjunct during resection of all intramedullary spinal cord tumors, with a careful understanding of its limitations. 10, 18, 19, 42 This study is a retrospective, single-institution analysis and therefore subject to certain limitations. Retrospective analysis introduces recall bias and difficulty controlling for confounders, but randomized prospective studies are difficult for surgical diseases, particularly those as rare as pediatric spinal cord ependymomas. The small sample size precludes a more thorough statistical analysis, but the number of patients in this study does compare favorably with other contemporary, single-institution series. Four patients with Grade I ependymomas chose to maintain surveillance imaging and follow-up care at an outside institution, which is a persistent challenge because our patient base consists mostly of referrals for tertiary care. As a result, our data may represent an underestimate of the true recurrence rate for pediatric Grade I ependymomas. Despite these limitations, our findings are important given the low incidence of spinal cord ependymomas in children, the long follow-up among patients who chose to maintain care at our center, and the need for more outcomes data in this disease.
Conclusions
Although representing one of the most frequently occurring spinal cord tumors in adults, ependymomas of the pediatric spinal cord are relatively uncommon. Classic ependymomas of the spine are likely to have distinct biological features, but respond well to surgery alone, with tumor location and extent of resection representing important prognostic factors. We note that myxopapillary ependymomas can be removed safely with minimal morbidity and that good tumor control can be achieved with resection alone. Limited follow-up prevents us from drawing more definitive conclusions, but our data suggest that extent of resection is an important prognostic factor in predicting tumor control, perhaps even more so than histological grade when comparing myxopapillary to classic ependymomas. Future studies must be collaborative and multiinstitutional in nature to determine the role of radiotherapy for spinal cord ependymomas, and include genetic analyses to refine tumor classification and increase our understanding of the underlying biology.
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